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SUMMARY 
This  study  investigated  the  effect  of  a  reduction  of  relative 
lens  aperture  upon  the  major  lens  distortions  for  photogrammetric 
cameras  of  varying  focal  lengths.  The  studies  reveal  that  chromatic 
aberration  and  spherical  aberration  decreased,  curvature  of  field  in- 
creased, while  radial  distortion  and  astigmatism  were  unaffected. 
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I.   PURPOSE  AND  SCOPE 

The  investigations  into  the  role  the  focal  length  of  a  photo- 
grammetric camera  plays  in  the  quality  of  the  image  generated  has  been 
pursued  by  several  researchers  at  The  Ohio  State  University.  These 
studies  into  the  selection  of  a  "best"  focal  length  for  a  photogrammetric 


camera  for  a  specified  image  purpose  include  those  of  Captain  Roger  M. 
Liei 


Ryan    ,  Lieutenant  Charles  F.  Tomajczyk     and  Captain  Byron  S. 


Fitzgerald 

As  is  apparent,  other  things  that  affect  the  generated  image  of 
the  photogrammetric  camera  are  variable  and  one  of  these  items  is  the 
lens  aperture    .  For  many  cameras  this  is  an  adjustable  or,  at  least, 
a  changeable  feature.  Data  were  available  from  Captain  Fitzgerald's 
study,  so  it  was  considered  worthwhile  to  repeat  this  research  using 
the  same  lenses  but  with  a  different  aperture  setting,  thus  giving  a 
base  of  comparison  from  which  to  help  in  the  selection  of  a  "best" 
combination  of  focal  length  and  aperture  for  a  photogrammetric  camera. 
The  specific  purpose  of  this  report  is  to  determine  the  effect  upon  the 
aberrations  of  the  generated  images  of  photogrammetric  cameras  of 
varying  focal  lengths  caused  by  a  variation  of  the  aperture  of  the  lens. 
The  three  lenses  tested  were  of  similar  design,  differing  only  in  focal 
length . 


^References  appear  in  the  Bibliography 


As  all  of  the  results  are  based  upon  only  a  single  lens  for  each  focal 
length,  no  statistical  conclusions  pertaining  to  the  characteristics  of 
a  particular  lens  or  group  of  lenses  are  claimed.  Each  lens  was 
assumed  to  be  representative  of  a  type  and  sufficient  repetitions  of 
data  results  were  taken  until  the  quality  of  a  particular  measurement 
was  reasonably  verified.   In  all  data  tables  the  standard  deviation  of 
the  mean  of  the  readings  are  listed,  and  they  are  computed  in  the 
following  manner: 

+  /  [vvl 
Standard  deviation  =  -  v  7 — —^ 

n(n-l) 

where 

v  =  deviation 

n  =  number  of  observations 

In  every  case  the  weight  of  a  single  observation  was  assumed  to  be 
one  and  the  covariance  to  be  zero. 

The  quality  of  the  measurements  is  therefore  strengthened  as  to 
precision;  however,  the  accuracy  is  governed  by  the  physical  quality  of 
the  instruments  used  and  although  these  were  of  generally  high  quality 
and  reasonable  care  was  exercised,  no  claim  beyond  that  pertaining  to 
accuracy  is  made. 

For  purposes  of  reference,  all  of  the  previous  comparison  tests 
were  conducted  at  a  relative  aperture  of  f/6.3.  All  of  the  tests  which 
are  described  and  whose  results  are  tabulated  in  this  report  were  con- 
ducted at  a  relative  aperture  of  f/8. 


2.   EQUIPMENT  USED 

The  materials  to  be  tested  were  three  type  I,  f/6.3,  BAUSCH  AND 
LOMB  METROGON  lenses  with  effective  focal  length  of  3  inches,  6  inches 
and  12  inches.   (Serial  numbers:  3  inch  =  No.  BF  2309;  6  inch  = 
No.  MS  3871 ;  12  inch  =  DF  9^31.)   (See  Figure  1.) 

Control  of  the  aperture  was  to  be  extremely  important  so  initial 
apertures  were  checked,  and  the  new  apertures  were  set,  utilizing  a 
BAUSCH  AND  L0M3  ILLUMINATION  ANALYZER  MODEL  3  -  (AF  contract 
33(601)  -2MK)).   (See  Figure  2.) 

All  of  the  filters  used  were  Kodak  Wratten.  These  were  2  inch  by 
2  inch  glass  filters  from  set  No.  3015  and  were  always  positioned 
between  the  light  source  and  the  target.  Filter  No.  7^  was  used  as  a 
pass  filter  in  the  tests  requiring  it  because  it  had  sharp  cut-off 
characteristics,  it  passed  a  mid-frequency  band  of  light,  it  was  not 
irritating  to  the  eye  after  continued  viewing  and  it  also  was  the  filter 
used  in  the  comparison  study   .  Filters  Nos.  kjf   ^5a,  75 ,  &5,   60,  7^> 
73  and  25  covered  the  visible  spectrum  and  had  acceptable  character- 
istics as  shown  in  Table  I. 

The  photographic  work  upon  the  12  inch  focal  length  lens  was  done 
on  a  permanently  mounted  test  camera  and  collimator.  This  assembly  was 
composed  of  a  lens  test  camera  Serial  No.  L-l  (see  Figure  3)>  manufac- 
tured by  the  JAM  HANDY  ORGANIZATION,  DETROIT,  MICHIGAN,  and  a  collimator, 
manufactured  by  the  F.  W.  FECKER  DIVISION  of  THE  AMERICAN  OPTICAL 
COMPANY,  with  a  focal  length  of  Ik   feet:  f/l0.5  (see  Figure  k).     During 
the  course  of  the  research,  this  unit  was  moved  to  a  new  location  and 


all  chromatic  aberration  and  spherical  observation. tests  were  made  on 
the  same  equipment,  but  at  a  new  location. 

The  Nodal  Slide  Optical  Bench  (Serial  No.  600)  was  manufactured 
by  the  GEOPHYSICAL  INSTRUMENT  COMPANY  and  had  an  effective  focal  length 
of  kS   inches;  f/l2.  For  all  tests,  the  observation  microscope  was  used 
with  a  38  mm  objective  lens.   (See  Figure  5«) 

A  Wild  T-k   Goniometer  (Serial  No.  26)  was  used  for  distortion 
measurements.  (See  Figure  6.)  In  conjunction  with  the  Goniometer,  a 
Watts  Auto-Collimator  (Serial  No.  79538)  with  an  effective  focal  length 
of  18  inches  was  used  (see  Figure  7)  for  alignment  of  graduated  target 
plate  No.  1322^-10^-.  The  flash  discharge  lamp  was  an  Ascorlight,  Model 
A  6l^5,  Series  600,  manufactured  by  the  AMERICAN  SPEED  LIGHT 
CORPORATION. 

All  of  the  equipment  used  was  located  at  the  Wright -Patterson  Air 
Force  Base,  Ohio  and  was  in  the  custody  of  the  Photo-Optical  Section  of 
the  Avionics  Laboratory  of  that  facility. 
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Figure  1.      Lenses 


Figure  2.   Illumination  Analyzer 


Figure  3«   Medium  Test  Camera 
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Figure  5.   Nodal  Slide  Bench 
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Figure  6.   Wild  T-h-   Goniometer 


Figure  7.  Auto-Collimator 


3.   ADJUSTMENT  OF  LENS  APERTURES 
3.1  Purpose  of  Adjustment 

The  Metrogon  lens,  as  developed  by  the  Baus'ch  and  Lomb  Optical 
Company  of  Rochester,  New  York,  was  the  result  of  an  effort  to  adopt  the 

wide-angle  photogrammetric  lens  produced  by  R.  Richter  of  the  Carl  Zeiss 

[7] 

Company  to  American  needs   ,  It  is  a  multiple  element  lens  compounded 

to  produce  a  wide-angle  lens  that  would  be  relatively  fast,  nearly 
"distortion-free"  and  have  a  reasonable  correction  of  other  aberrations 

within  the  usable  field.  Since  its  development  during  the  1930's,  it 

[9] 
has  been  superseded  by  other  and  better  lenses   .  However,  it  is  of 

basic  modern  design,  it  is  available  in  several  focal  lengths,  its 
distortions  are  relatively  large  by  today's  standards,  and  it  was 
convenient  to  measure  them  during  this  research. 

The  relative  aperture  of  a  lens  (also  called  the  speed,  or 
f-number)  is  defined  as  the  ratio  of  the  equivalent  focal  length  to  the 
aperture   .  An  example  of  this  would  be  for  a  lens  of  8  inch  focal 
length  and  1  inch  diameter  aperture;  the  relative  aperture  would  be  f/8. 
The  amount  of  light  that  the  sensitized  surface  or  film  in  a  camera 
receives  from  an  object  of  given  light  intensity  depends  greatly  on 
relative  aperture.  The  depth  of  field  is  also  affected  by  aperture. 
For  a  given  lens,  an  optimum  focal  position  can  be  found  by  experimenta- 
tion. The  allowable  or  measurable  distortions  then  create  a  visual 
circle  on  either  side  of  the  exact  focus.  As  is  apparent  from  the  pro- 
portionality of  the  cones  of  light  involved,  as  the  lens  aperture  is 
reduced,  the  position  of  the  allowable  circle  of  light  in  the  image  will 
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move  away  from  the  position  of  best  focus,  thus  creating  a  greater 
"depth"  of  focus. 

The  basic  lens  assembly  is  shown  to  scale  for  a  6  inch  focal 
length,  f/6.3,  Metrogon  lens  on  Page  56  •  As  can  be  seen  in  this  figure, 
there  is  a  space  between  the  lens  elements  which  is  large  enough  to 
install  an  aperture  controlling  diaphragm  without  altering  the  basic 
geometry  of  the  lens.  This  was  desired  in  order  to  provide  a  test 
instrument  with  which  to  investigate  the  amount  the  lens  distortions 
would  be  affected  by  a  reduction  in  relative  lens  aperture.  All  lenses 
tested  were  designed  with  relative  apertures  of  f/6.3,  therefore,  the 
installation  of  a  reduced  aperture  would  show  only  how  the  original 
lens  would  be  affected,  and  the  data  collected  is  not  intended  to 
represent  a  Metrogon  type  lens  designed  for  best  performance  at  f/8. 
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3.2  Aperture  Adjustment  Procedure 

The  3  inch  focal  length  Metrogon  lens  was  equipped  with  an 

adjustable  internal  diaphragm,  therefore,  the  problem  of  resetting  its 

aperture  was  greatly  simplified.  Aperture  plates  were  constructed  from 

thin,  dark-colored  cardboard  for  the  other  two  lenses.  The  relative 

aperture  for  the  test  was  selected  to  be  f/8,  so  the  diameter  of  the 

hole  in  the  diaphragm  was  computed  as  follows : 

12 
(12  inch  focal  length  lens)     f/8  =  —  ;     x  =  1.50     inch 

(  6  inch  focal  length  lens)     f/8  =  —  ;     x  =  .750    inch 

These  cardboard  plates  were  constructed,  the  lens  bodies  disassembled, 
the  diaphragms  inserted  and  centered,  and  the  lenses  reassembled  care- 
fully, to  insure  that  no  new  error  was  introduced. 

At  this  point  some  manner  of  verification  was  required  to 
determine  if  the  apertures  were  centered  and  were  of  correct  size  in 
order  to  make  any  later  results  obtained  meaningful.  It  was  decided  to 
cut  test  aperture  plates  with  hole  diameters  of  .375  inch,  .750  inch  and 
1.50  inch  for  use  with  the  BAUSCH  AND  LOMB  Illumination  Analyzer  Model  3 
(see  Figure  2).  This  instrument  utilized  a  variable  density  diffused 
light  source.  The  light  was  passed  through  a  60  inch,  f/6.0  collimating 
system  consisting  of  a  light  path  folded  by  two  first -surface  mirrors 
to  reduce  the  size.  This  light  beam  is  of  a  high  degree  of  illumination 
uniformity  across  the  collimated  beam.  The  light  passes  through  a  lens- 
diaphragm  combination  and  is  received  by  a  photo-electric  detector  which 
picks  up  the  light  beam  and  indicates  a  value  on  a  sensitivity  meter. 
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The  original  light  source  in  instantly  adjustable  so  that  meter  readings 
can  be  changed  by  the  turn  of  a  knob. 

Each  lens  was  compared  with  the  value  of  light  passing  through 
the  lens  at  f/6.3  set  at  a  meter  reading  of  100  per  cent^  and  that  at  f/8 
as  6l  per  cent  meter  reading  at  the  same  light  intensity.  The  numerical 
value  was  arrived  at  experimentally,  utilizing  all  of  the  lenses  with 
known  apertures  of  f/6.3  and  then  fixing  the  reduced  aperture  plates 
over  the  lenses  to  get  the  light  reduction  value.  All  of  the  final 
aperture  settings  agreed  to  a  measuring  precision  of  the  meter  which 
was  finer  than  5  per  cent. 

As  the  aperture  was  set  in  a  relatively  permanent  fashion  in 
the  6  inch  and  12  inch  focal  length  lenses,  these  were  now  ready  for 
further  testing.  The  3  inch  focal  length  lens  with  the  adjustable  dia- 
phragm collar,  had  this  collar  taped  securely  and  a  scribe  mark  placed 
on  the  collar  itself  for  visual  checking  for  motion  of  the  collar. 

One  further  comparison  was  made  concerning  the  variation  in 
transmittance  of  light  between  the  lenses.  Each  lens  was  mounted  in  the 
Illumination  Analyzer  and  the  light  source  adjusted  so  that  the  open 
aperture  with  no  lens  caused  a  meter  reading  of  100  per  cent.  Then  the 
lens  was  placed  in  the  path  of  the  collimated  light  and  the  meter  read 
again.  The  results  of  these  tests  are  shown  in  Figure  8.  A  further 
calculation  was  based  on  the  transmittance  of  the  light  by  the  lenses. 
Transmittance  is  defined  as  "the  ratio  of  light  that  passes  through  a 

lens  to  the  light  that  passes  through  an  open  circular  hole  having  the 

1 12] 

same  diameter  as  the  effective  aperture  of  the  lens*    .  From  this  value 
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it  is  possible  to  compute  the  T-number  of  the  lenses.  T-number  is 
defined  as 


/   (f -number)' 

$>  transmittance 


I  :  _   :  i 

T-number 


The  results  of  this  computation  are  also  shown  in  Figure  8. 
3.3  Comments 

The  setting  of  the  reduced  apertures  was  completed  with 
sufficient  accuracy  to  validate  further  tests  based  upon  them.  The 
Illumination  Analyzer  was  a  simple  machine  to  operate  and  gave  excellent 
results.  It  could  be  used  as  a  test  tool  for  many  kinds  of  lens 
analysis  to  great  advantage. 

It  is  ascertained  from  the  results  obtained  that  the  in- 
creased size  of  the  aperture  of  a  12  inch  focal  length  lens  passes  a 
significantly  greater  amount  of  light  than  that  passed  by  the  6  inch 
and  3  inch  focal  length  lenses.  It  is  apparent,  however,  that  the 
increase  of  light  passed  is  not  a  linear  function  but  that  the  percent 
of  light  passed  increases  with  increased  focal  length.  The  relative 
aperture  and  focal. length  are  mutually  involved  and  not  enough  data  is 
available  to  draw  any  conclusions  about  their  relationship.  This  could 
be  the  subject  for  more  detailed  research  on  this  aspect  of  light  trans- 
mittance of  lenses  of  varying  focal  length. 
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TABLE  I 
FILTER  CHARACTERISTICS 

FERCEflT  TRANSMITTANCE 


Wave   Length 
(m  ») 

47 

4  5a 

75 

65 

60 

74 

73 

25 

400 

7.80 

10 

ij.k 

20 

34.0 

30 

47.0 

1.00 

4o 

50.3 

8.81 

0.20 

50 

48.3 

17.4 

2.04 

0.19 

60 

43.4 

20.9 

1.97 

9.0 

I.38 

70 

36.2 

21.6 

10.00 

19.1 

5.38 

80 

26.5 

20.5 

17A 

27.3 

15.0 

90 

19.6 

18.0 

18.0 

31.9 

32.0 

500 

11.3 

14.4 

13.0 

33.6 

48.4 

10 

5.64 

10.1 

7.35 

32.4 

57.2 

0.96 

20 

1.91 

5.60 

3.20 

28.1 

59.2 

7.95 

30 

O.36 

2.52 

0.83 

21.3 

55.5 

14.6 

4o 

0.64 

0.14 

13.3 

47.5 

12.9 

50 

0.10 

6.6 

36.8 

7.60 

6o 

1.82 

25.2 

3.06 

2.24 

70 

0.43 

14.4 

O.63 

5-97 

'80 

6.3 

0.12 

4.56 

90 

I.82 

2.00 

12.6 

6oo 

0.46 

O.56 

50.0 

10 

0.10 

0.10 

75.0 

20 

82.6 

30 

85.5 

40 

86.7 

50 

67.6 

60 

88.2 

70 

88.5 

80 

89.0 

90 

2.10 

89.3 

700 

0.20 

0.14 

a. 70 

&9.5 

Dominant 

Wave 

Length 

470.1 

483.5 

490.5 

501.3 

520.0 

538.0 

576.0 

617.2 

Ixcitation 

Purity 

96.O 

90.5 

92.5 

74.0 

59.5 

93-5 

100.0 

100.0 

^  Luminous 

Tranainit- 

tance 

1.2 

1.5 

1.01 

6.6 

20.7 

3.34 

1.41 

22.5 
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k.      LONGITUDINAL  CHROMATIC  ABERRATION 
4.1  Purpose  of  Test 

This  test  was  made  to  determine  the  amount  of  longitudinal 
chromatic  aberration  present  on  the  three  lenses  of  different  focal 
lengths  for  comparison  with  the  aberration  measured  with  the  same  lenses 
but  at  a  different  relative  aperture.  This  was  done  by  measuring  the 
variation  in  "back  focal  distance"  for  light  of  different  colors  or  wave 
lengths  as  this  variation  is  the  manner  in  which  longitudinal  chromatic 
aberration  is  specified   . 
k,2     Testing  Procedure 

The  Medium  Test  Camera  (see  Figure  3)  was  set  up  for  each  lens. 
Instead  of  a  film  holder,  a  low  power  (10X)  compound  microscope  was  in- 
stalled in  the  film  holder  bracket.  The  light  source  used  was  a  white 
incandescent  bulb  in  an  appropriate  holder.  A  Kodak  Wratten  pass  filter 
was  placed  between  the  light  and  a  high  contrast  resolving  power  test 
target  (see  page  l6).  The  filter  characteristics  are  displayed  graphi- 
cally on  page  60.  The  target  was  placed  at  the  principal  focus  of  the 
lh   foot  effective  focal  length  collimator  (see  Figure  k) .     The  lens  was 
then  placed  in  the  circular  lens  clamp  of  the  test  camera  bench  (see 
Figure  3) •  It  was  aligned  in  such  a  manner  that  the  lens  axis  was 
situated  in  the  collimated  beam  of  light  and  was  also  perpendicular  to 
the  plane  of  the  film  holder  bracket  and  then  the  lens  and  the  bracket 
were  secured. 

As  each  filter  was  inserted  into  the  filter  plate  holder,  the 
test  microscope  was  moved  longitudinally  until  it  was  in  the  position 
yielding  maximum  resolution  of  the  test  target.  This  position  was 
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recorded  as  a  reading  on  a  dial  indicator  affixed  to  the  lens  holder 
with  its  measuring  protrusion  resting  against  the  movable  film  holder 
bracket.  The  longitudinal  chromatic  aberration  for  a  particular  color 
(wave  length)  was  then  defined  as  the  difference  between  this  setting 
and  that  for  the  reference  color  which  was  taken  as  that  reading  re- 
corded for  the  shortest  wave  length.  For  this  test,  the  reference  was 
the  wave  length  passed  by  Wratten  Filter  No.  kf   which  is  dominant  at  ^70.1 
millimicrons.  This  selection  of  reference  allowed  all  aberrations  to  be 
measured  as  positive  and  allowed  also  simplified  graphic  portrayal  of 
the  results.  As  the  entire  list  of  selected  filters  was  utilized,  the 
lens  was  then  replaced  with  the  next  and  the  microscope  and  dial  indi- 
cator were  reset  at  the  new  point  of  maximum  resolution  and  the  test 
continued. 

4.3  Comments 

The  compared  results  of  the  three  lenses  are  shown  in 
Figure  9«  This  graph  is  plotted  from  the  data  shown  in  Table  II. 
Although  a  comparison  of  these  results  with  those  of  the  lenses  with 
relative  aperture  settings  of  f/6.3  indicate  a  similarity  in  the  shape 
of  the  chromatic  aberration  curve,  a  significant  reduction  in  this 
aberration  is  apparent.  This  indicates  that  for  the  same  lens,  a  re- 
duction in  relative  aperture  results  in  a  reduction  in  the  longitudinal 
chromatic  aberration. 

According  to  the  international  photogrammetric  expert, 
Dr.  B.  Hallert,  all  of  the  calibrations  and  distortion  measurements 
should  be  done  photographically  and  using  temperature  and  other  conditions 
similar  to  the  actual  condition  which  would  exist  at  the  time  of  use 
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of  the  lens  in  a  camera   .  This  was  not  possible  due  to  expense, 
equipment  limitations  and  also  to  the  fact  that  the  same  methods  had  to 
be  used  as  those  used  in  the  comparison  study  in  order  to  produce  data 
of  value.  Therefore,  none  of  the  values  obtained  for  the  various 
distortions  are  intended  to  provide  statistical  verification  for  the 
quality  of  a  specific  lens;  but  rather  to  provide  numerical  research 
data  for  the  investigation  of  the  role  of  varying  the  focal  length  and 
also  the  relative  aperture  of  a  photogrammetric  camera  upon  the  various 
distortions  of  that  camera. 
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5.   SPHERICAL  ABERRATION 
5.1  Purpose  of  Test 

This  test  was  conducted  to  measure  the  spherical  aberration  of 
the  lenses.  Spherical  Aberration  is  the  optical  defect  in  which  the  rays 
of  light  through  different  narrow  circular  zones  of  the  lens,  concentric 
with  the  optical  axis  from  an  axial  object  point,  do  not  come  to  focus  at 
the  same  point.  The  results  from  the  three  lenses  with  relative  aper- 
tures of  f/8  were  then  to  be  compared  with  the  results  of  a  similar  test 
made  at  a  relative  aperture  of  f/6.3. 
5*2  Testing  Procedure 

The  same  equipment  was  used  for  this  test  as  was  used  rjreviously 
to  measure  longitudinal  chromatic  aberration  and  in  much  the  same  way.  It 
was  important  for  this  test  to  avoid  any  chromatic  aberration  so  the  same 
filter  was  used  for  all  phases.  For  experimental  purposes,  white  light 
was  attempted,  but  the  chromatic  aberration  was  so  great  the  experiment 
failed.  Therefore,  a  suitable  Kodak  Wratten  filter  was  used.  This  was 
the  same  filter  as  was  used  in  the  initial  study  for  comparison,  No.  Jk. 
This  filter  has  sharp  cut-off  characteristics,  is  pleasing  to  the  viewers 
eye,  and  also  passes  a  wave  length  of  light  which  is  about  in  the  middle 
of  the  visible  spectrum. 

The  Medium  Test  Camera,  high  contrast  resolving  power  test 
target,  and  1^  foot  effective  focal  length  collimator  were  also  used  as 
they  were  previously. 

This  test  revealed  an  apparent  problem  caused  by  the  effect  of 
reducing  the  aperture  of  the  lenses  which  resulted  in  a  great  light  loss 
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through  the  lens.   So  much  light  was  blocked  that  only  two  zones  could 
be  considered.  An  intricate  system  of  blocking  rings  were  constructed 
and  tried,  but  it  was  impossible  to  get  enough  light  through  the  lenses 
to  accurately  determine  a  focus  point  of  the  target  by  visual  means 
except  for  several  combinations.  The  points  determined  were  with  the 
lens  uncovered,  with  a  small  area  on  the  lens  axis  and  with  the  central 
area  blocked,  but  with  light  passing  through  the  remaining  area.  The 
areas  of  the  zones  were  as  follows: 

12  inch  focal  length  inner  circle  =  36$  total  area 

6  inch  focal  length  inner  circle  =  59$  total  area 

3  inch  focal  length  inner  circle  =  59$  total  area 

A  determined  effort  was  made  to  make  all  the  areas  similar; 
however,  physical  size  of  the  shorter  focal  length  lenses  impeded  this. 

Sufficient  data  were  accumulated  to  show  grossly  the  effect 
of  the  spherical  aberration  and  is  presented  in  Table  III.  The  compari- 
son of  the  lenses  is  made  in  the  graph  drawn  as  Figure  10. 
5»3  Comments 

The  results  obtained  from  this  test  indicate  that  the  greater 
the  focal  length,  the  greater  will  be  the  spherical  aberration. 

It  is  of  interest  here  to  point  out  that  the  reduction  in 
aperture  for  the  12  inch  focal  length  lens  so  affected  the  depth  of  field 
for  this  lens  that  a  greater  adjustment  was  required  to  bring  the  target 
into  focus  from  no  light  restriction  to  that  where  the  center  area  of 
the  lens  only  was  open,  than  from  the  center  area  to  that  of  the  outer 
portion  of  the  lens.  This  test  was  repeated  several  times  to  verify 
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these  results  and  are  illustrated  in  the  portion  of  Figure  10  per- 
taining to  the  12  inch  focal  length  lens.  This  characteristic  was  not 
found  in  the  other  two  lenses  and  as  this  was  not  a  test  done  in  the 
comparison  work,  there  is  no  corroboration.  This  point  may  be  of 
interest  to  an  investigation  of  the  12  inch  focal  length  lens  if  it  were 
done  in  detail  by  subsequent  research. 
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TABLE  III 


SPHERICAL  ABERRATION  DATA  FOR  METROGON  LENS 


3"  Focal  Length 

6"  Focal  Length 

12"  Focal  Length 

Inches  • 

Inches 

Inches 

I   (Clear  lens) 

•  334l 

•  3341 
.33^3 
.33^3 

.3342 

.1428 

.14  30 
.1434 
.1431 
.1^30 

.1398 
.1398 
.1397 
.1405 
.1401 

Mean 

.3342 

.1431 

.1400 

Std.Dev. 

-.00004 

-.00010 

-.00016 

II  (Light  through  area 
on  lens  axis  only) 

.3339 

•  3343 
.3341 

•  3343 
.3346 

.1427 
.1429 

.1430 
.1431 
.1432 

.1554 
.1554 

.1567 
.1564 
.1566 

Mean 

•  3342 

.1430 

.1561 

Std.Dev. 

-.00012 

-.00009 

-.00029 

Area  of  hole 

.065  sq.in. 

.26l  sq.in. 

.637  sq.in. 

III  (Light  through  outer 
lens  area  only  with 
center  area  blocked) 

.3336 
.3340 
.3336 
•  3334 
.3337 

.1423 
.1423 
.1422 
.1423 
.1420 

.1428 
.1429 
.1432 
.1447 
.1432 

Mean 

.3337 

.1422 

.1434 

Std.Dev. 

-.00010 

-.00006 

-.00035 

<jo   of  lens  area  blocked 

59$ 

59* 

36^ 

At   Focal  length  (I,  II) 

0 

.0001 

.0161 

Std.  Dev. 

-.00013 

-.00014 

-.00031 

A   Focal  length  (II,  III) 

.0005 

.0008 

.0127 

Std.  Dev. 

-.00016 

-.00011 

-.00046 
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6.   ASTIGMATISM 

6.1  Purpose  of  Test 

Astigmatism  results  from  the  fact  that  rays  of  light  which 
enter  a  lens  radial  to  the  optical  axis  produce  an  image  surface 
different  from  that  produced  by  light  entering  the  same  lens  in  rays 
which  are  tangent  to  circles  concentric  to  the  optical  axis.  The  non- 
coincidence  of  these  two  image  surfaces  is  usually  called  "astigmatism" 
and  their  amount  of  separation  measured  parallel  to  the  optical  axis  is 
called  the  "astigmatic  difference'.'  The  average  surface  between  the  two 
image  surfaces  is  that  surface  least  affected  by  the  orientation  of  the 
ray  generating  object  and  is  called  the  "surface  of  least  confusion." 
None  of  the  three  image  surfaces  are  a  true  plane  and  the  difference  of 
the  surface  of  least  confusion  from  a  true  plane  is  termed  "curvature  of 
the  field. "'•1^ 

The  reduction  of  light  which  can  pass  through  a  camera  lens, 
caused  by  a  reduced  relative  aperture,  could  affect  the  amount  of  astig- 
matism, so  this  test  was  done  to  obtain  data  for  comparison  with  results 
previously  obtained  on  the  same  lenses  but  with  larger  relative  aperture, 

6.2  Testing  Procedure 

The  size  of  the  12  inch  focal  length  lens  required  that  it  be 
tested  on  the  Medium  Test  Camera  (see  Figure  3)  and  equipment  limited 
this  to  photographic  methods.  This  method  was  costly  and  time  consuming 
compared  to  performing  the  test  on  the  Nodal  Slide  Bench  which  was  avail- 
able. The  testing  period  was  also  concurrent  with  the  physical  location 
changing  of  the  test  camera,  therefore,  only  the  lens  of  12  inch  focal 
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length  was  tested  photographically.  Photographic  and  visual  methods 

[k] 

had  been  compared  satisfactorily  previously. 

For  this  test,  the  light  source  used  was  a  flash  discharge 
lamp  which  could  be  remotely  triggered  from  the  test  stand.  A  Wratten 
No.  7^  filter  was  then  placed  between  the  light  and  a  high  resolution 
resolving  power  test  target  which  was  situated  at  the  principal  focus 
of  the  Ik   foot  effective  focal  length  collimator.  The  lens  was  clamped 
in  the  lens  holder  in  the  collimated  beam  of  light.  The  film  holder 
was  loaded  with  a  strip  of  special  high  resolution  (SO  2^3)  Kodak  film. 
The  film  holder  was  positioned  in  its  bracket  perpendicular  to  the 
optical  axis  of  the  lens  and  was  placed  against  a  dial  indicator  so  that 
the  film  position  could  be  changed  with  respect  to  the  lens  in  a  direction 
parallel  to  the  optical  axis  of  the  lens  and  the  amount  of  change 
measured  and  recorded.  The  entire  apparatus  containing  the  lens  and 
the  film  holder  was  mounted  on  a  steel  beam  that  was  geared  to  a  measur- 
ing arc  and  could  be  swung  to  a  position  k^>     on  either  side  of  the  optical 
axis  of  the  lens.  The  film  was  held  in  the  film  holder  bracket  by  a 
vacuum  pump  attached  directly  to  the  unit  with  a  plastic  hose. 

The  actual  conduct  of  the  test  was  made  in  a  dark  room  by 
triggering  the  flash  discharge  light  to  get  an  exposure  on  the  film  strip. 
Exposures  were  made  at  every  5  from  the  axis  out  to  and  including  kO 
on  either  side  of  the  axis.  A  typical  run  would  consist  of  an  exposure 
at  each  of  the  angles  and  then  repositioning  the  film  plate  holder 
enough  to  cause  the  next  set  of  exposures  to  occur  at  a  different  place 
on  the  film  in  use,  coupled  with  advancing  the  film  holder  parallel  to 
the  optical  axis  an  amount  .002  inches  as  measured  on  the  dial  indicator. 
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By  making  the  exposure  strips  as  close  together  as  practical,  it  was 
possible  to  get  fourteen  rows  of  exposures  for  each  strip  of  film.   To 
control  the  intensity  of  the  light  so  that  satisfactory  results  could 

be  obtained,  at  the  extreme  angles  off  axis  where  the  amount  of  light 

k 
passing  through  the  lens  is  decreased  due  to  the  cosine  law,  the  flash 

discharge  lamp  was  switched  from  half  power  to  full  power  at  all  angles 
above  25  off  axis.  The  developing  of  the  film  was  done  immediately  on 
completion  of  a  strip  to  investigate  the  results.  The  difference  between 
the  position  of  best  focus,  which  was  determined  by  selecting  the 
exposure  with  the  highest  resolution  for  the  radial  and  tangential  lines 
of  the  target,  is  the  astigmatic  difference.  The  resolutions  are  shown 
graphically  in  Figure  11. 

The  Nodal  Slide  Bench  (see  Figure  5)  "was  used  for  the  tests 
on  the  3  inch  focal  length  and  the  6  inch  focal  length  lens.  The  lens 
undergoing  test  was  set  up  in  the  bench  lens  holder  with  an  observing 
microscope  positioned  behind  it.  An  incandescent  light  was  directed 
through  a  Wratten  No.  7^  filter  and  a  high  resolution  resolving  power 
test  target  located  at  the  principal  focus  of  the  hd   inch  effective 
focal  length  collimator.  The  lens  was  then  positioned  experimentally  so 
that  the  vertical  axis  of  lens  rotation  of  the  holder  coincided  with  the 
rear  node  of  the  lens.  Concurrently,  the  lens  was  fixed  so  that  its 
optical  axis  was  parallel  to  the  colli  mated  light  rays  as  well  as 
coincidental  to  the  objective  lens  axis  of  the  observing  microscope. 
This  allowed  the  lens  to  be  rotated  about  the  vertical  axis  through  its 
rear  node  while  permitting  the  viewing  microscope  to  be  adjusted  longi- 
tudinally until  the  test  target  would  be  in  focus.  By  recording  the 
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value  of  the  distance  between  the  rear  node  of  the  lens  and  the  position 
of  best  focus  in  the  viewing  microscope  for  both  radial  and  tangential 
lines,  the  data  shown  in  Tables  IV  and  V  were  gathered.  As  the  measure- 
ments were"  not  made  along  the  optical  axis,  it  was  necessary  to  convert 
these  distances  to  this  axis.   This  was  done  by  multiplying  the  length 
determined  by  the  cosine  of  the  angle  between  the  optical  axis  and  the 
microscope  axis.  Readings  were  taken  at  5  increments  about  the  optical 
axis  until  the  image  was  cut  off  by  the  apparatus  and  were  improved  in 
precision  by  the  use  of  a  low  power  jeweler's  eye  piece.  Graphs  of  the 
results  are  shown  as  Figures  12  and  13 . 
6.3  Comments 

The  astigmatic  difference  for  the  three  lenses  are  computed 
graphically  in  Figure  1^. 

The  photographic  method  was  potentially  the  best  method  for 
this  test;  however,  it  is  believed  to  yield  the  poorest  results.  This  is 
because  there  was  so  much  change  in  focal  distance  for  the  off-axis  ex- 
posure that  it  was  nearly  impossible  to  conceive  of  a  realistic  sequence 
where  the  entire  range  of  angles  would  be  recorded  on  one  film  strip. 
There  appeared  to  be  so  much  variation  in  film,  developer  and  developing 
methods  that  it  was  difficult  to  compare  different  film  strips  in  a 
logical  sequence.  The  resolution  targets  had  to  be  observed  under  a 
20X  laboratory  microscope  to  discern  details  and  at  this  enlargement  of 
a  negative  that  began  at  about  l/8  inch  by  l/8  inch  in  actual  size;  it 
was  apparent  that  comparison  between  film  strips  was  very  much  weaker 
than  comparison  of  exposures  on  a  single  film  strip. 
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7.   CURVATURE  OF  THE  FIELD 

7.1  Purpose  of  Test. 

This  test  was  conducted  to  measure  the  distance  "between  the 
mean  focal  plane  or  "surface  of  least  confusion"  for  a  lens,  and  that 
of  a  true  plane   .   It  was  done  to  compare  the  results  obtained  for 
three  lenses  of  varying  focal  lengths  with  relative  apertures  of  f/8 
to  the  results  obtained  with  these  same  lenses  hut  with  a  relative 
aperture  of  f/6.3. 

7»2   Testing  Procedure 

This  test  was  done  in  the  same  manner  as  the  astigmatic  tests 
previously  described.  The  same  data  were  employed  to  complete  the 
results.  As  the  astigmatic  difference  is  defined  as  the  difference  in 
focal  distance  between  the  surface  of  best  image  focus  for  radial  and 
tangential  lines  of  the  test  pattern,  the  average  or  mean  surface 
between  these  surfaces  define  the  curvature  of  the  field.  The  curve 
representing  curvature  of  the  field  distortion  is  shown  in  Figure  15 . 
This  is  a  mean  curve  representing  the  best  image  surface  for  radial  and 
tangential  lines. 

7.3  Comments 

The  scale  selected  for  Figure  15  is  designated  plus  and  minus 
to  provide  rapid  comparison  with  the  similar  graph  of  the  work  conducted 
on  the  lenses  with  relative  apertures  of  f/6.3.  These  values  have  no 
relationship  with  the  actual  focal  distances  which  would  be  obtained  if 
the  lenses  were  installed  in  a  camera  body. 
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8.   RADIAL  DISTORTION 

8.1  Purpose  of  Test 

This  test  was  conducted  to  determine  if  the  reduction  of  the 

relative  aperture  of  the  phot ogramme trie  lenses  of  different  focal 

lengths  had  an  effect  upon  the  radial  displacement  of  the  intersections 

of  light  rays  upon  the  image  plane  from  the  ideal  position  of  these 

image  points.  If  there  is  radial  distortion  present,  it  would  be 

equivalent  to: 

Distortion  =  y'  -  f  tan  a     (for  an  object  at  infinity) 

y'  =  the  actual  radial  distance  of  the  image 
point  from  the  optical  axis 

f  =  focal  length  determined  from  axial 
computations 

ct     =  the  angle  of  the  principal  ray  in  the 
object  space  from  the  lens  axis 

The  radial  distortion,  if  present,  is  recorded  as  positive  if 

away  from  the  center,  and  negative  if  toward  the  center  of  the  whole 

[2] 

image  pattern   . 

8.2  Testing  Procedure 

A  Wild  1-k   Goniometer  (Figure  6)  was  used  to  test  the  lenses 
of  3  inch  and  6  inch  focal  lengths.  The  12  inch  focal  length  lens  was 
not  tested  due  to  the  physical  size  of  the  test  equipment  which  would 
have  to  be  modified  greatly  and  also  due  to  lack  of  comparison  data, 
since  this  lens  was  not  tested  at  a  relative  aperture  of  f/6.3» 

The  goniometer  was  set  up  on  a  platform,  and  the  lens  was 
placed  in  the  holding  bracket  and  adjusted  so  that  it  was  perpendicular 
to  the  plane  of  the  test  plate  holder.  The  Watts  auto-collimator  (see 


kl 


Figure  7)  was  then  positioned  about  15  feet  in  front  of  the  instrument 
and  the  goniometer  telescope  was  aligned  so  that  the  reticle  coincided 
with  the  cross  hairs  of  the  auto-collimator.   The  horizontal  circle  was 
then  set  at  0  00'  00". 0.   Through  the  use  of  three  adjusting  screws  and 
an  inside  micrometer,  it  was  possible  to  move  the  lens  perpendicularly 
along  the  optical  axis  until  the  goniometer  telescope  pivot  axis  passed 
through  the  front  node  of  the  lens.  An  aperture  adjusting  diaphgram  was 
fastened  to  the  telescope  and  a  hand  comparator  was  used  to  observe  the 
diaphragm  of  the  lens .  When  the  lens  diaphragm  remained  in  the  center 
of  the  telescope  as  the  goniometer  was  swung  from  side  to  side,  the 
alignment  was  correct.  A  graduated  test  plate  was  then  mounted  in  the 
test  plate  holder  and  adjusted  until  it  was  perpendicular  to  the  axis  of 
the  auto-collimator  and  the  center  target  of  the  plate  was  centered  in 
the  telescope. 

After  the  above  set  up,  a  thorough  check  was  made  and  then  the 
angles  between  the  center  figure  of  the  target  plate  and  the  targets  on 
each  of  the  four  diagonals  were  recorded.  This  was  possible,  because, 
although  the  goniometer  arm  was  only  able  to  swing  in  one  plane,  the 
target  plate  was  held  by  rollers  and  it  was  possible  to  rotate  this 
plate  90°  [13]. 
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* d  »J  Calibroted 

—j  Test    Plate 


Pivot    Point 
of     Telescope 


Figure  l6.  Top  View  of  .T-k   Goniometer, 
Schematic 


Figure  l6  shows  the  physical  relationship  of  the  instrument  and 
from  this,  the  simplified  computations  for  the  radial  distortions  are 
made  in  accordance  with  the  equations  of  Section  8.1. 

In  actual  practice,  however,  the  results  of  these  computations 
yield  distortions  which  were  not  symmetric  about  the  camera  axis.  The 
diagram  shown  as  Figure  17  illustrates  the  condition  of  the  lens  axis 
not  being  perpendicular  to  the  test  plate. 
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Lens  (  Rear  Nodal   Point  ) 


Figure  17 .  Top  View  of  Tilted  Lens  Geometry, 

Schematic 


From  Figure  17,  it  can  "be  seen  that  the  line  LR  represents 
the  test  plate  and  L  and  R  are  target  images  on  that  plate.  Also, 
angle  e  is  the  angle  between  the  lens  axis  and  a  perpendicular  to  the 
test  plate  from  the  rear  nodal  point  of  the  lens.  Therefore,  the  line 
00'   is  the  distance  "between  the  center  target  of  the  test  plate  and  the 
axis  of  symmetry  measured  on  the  test  plate.  If  angle  €  is  small, 
then  00'  =  fe  .  The  line  L'R'  represents  the  projections  of  the  two 
targets  on  an  iraaginery  plane  which  is  perpendicular  to  the  actual  lens 
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axis  and  this  allows  computation  of  the  equivalent  distortions  at 

L1  and  R'.  a  and  (3  are  the  measured  angles  of  targets  L  and  R  off 

the  telescope  axis. 

The  Equivalent  Focal  Length  of  the  lens  is  computed  by  con- 
sidering the  distortion  at  the  center  of  the  lens  to  be  zero,  and  from 
Figure  IT, 

OR  =  f«tan  P;  OL  =  f-tan  a 

OR  +  OL  =  f(tan  fJ  +  tan  a) 

OR  +  OL  The  numerical  values  for  OR  and  OL 

~(tanf3+tana)        are  taken  from  the  calibrated  plate 

which  is  supplied  by  the  manufacturer 
(see  page  5*0 

a  and  P  are  measured  by  the 
telescope 

The  radial  distortion  about  the  center  target  is  computed  as 

follows : 

D'   =  radial  distance  -  f*tan  a' 

f    =  equivalent  focal  length 

a'   =  angle  between  any  target  and  the  center  target. 

The  values  for  radial  distortion  are  now  in  hand  but  to 
compare  them  as  representative  values  about  a  mean,  the  symmetrical  dis- 
tortion must  be  balanced.  As  has  been  pointed  out  previously  by 
others      ,  the  graph  of  the  radial  distortions  about  a  center  target 
gives  the  appearance  that  it  is  a  perfect  lens  which  is  tested  with  a 
prism  in  front  of  it.  This  gives  the  curve  a  "tipped"  appearance.  As 
the  symmetric  distortion  curve  is  what  is  desired,  the  following  computa- 
tions are  made. 
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Referring  to  Figure  17  where  D'   equals  the  total  distortion 

of  any  point  and  assuming  angle  e   is  very  small, 

f  =  f   and  OR  S  OR';  (see  following  for  explanation  of  f) 

thus,  the  radial  distortion  for  target  R  = 

D'   =  f»tan  e  +  f-tan  (p-e)  +  d '  -  f«tan  p 
TR  R 

where 

d'  =  symmetric  distortion  of  R  "based  on  equivalent  focal  length 
K 

ilk] 
From  Washer's  article  in  PHOTO GRAMMETRIC  ENGINEERING L   J , 

tan  €  =  €  and  tan  e  5  0 


and 


tm       *>       4.  2Q   f»€  -tan  p   ,. 

D£   =  -f-e-tan  p  + ^ =1  +  d^ 

R  cos  P 


Similarly  for  target  L 

2 

D'   =   f»€«tan  a   + +  dJ 

L  cos  cc 


Subtracting: 

D'   -K     -   -fc(tan2a  +  tan2?)  +  fc2(^£  -  *2H«)  +  d  •  -  d- 
XR  1L  cos  p   cos  a 

If  a  ^  P  but  the  difference  is  less  than  2  ,  the  term  con- 

taming  f*e   can  be  ignored 

The  distance  of  the  axis  of  symmetry  from  the  center  target  = 

f#€  *       D»   -  D' 


2     2        2     2 
tan  P+tan  a    tan  P+tan  a 


If 

|a-p|«  1°  ,  then  dl  -  cU  =  0 


46 


therefore:     y,,        _  -r,! 

T       T 

R       L 
f  •  e  =  -. 


2       2 

tan  p  +  tan  a 

The  symmetric  distortion,   d'  and  d'   can  be  solved  in  the 

i\  L 


following  manner: 


,,     r,,                       4.   2o   f,c  -tan  3 
dJL  =  D'   +  i«e-tan  p = £ 

R     TR  cos2p 


2 
,.     ,..      *   4.  2_,   f-€  -tan  a 

d£  =  D£   -  f-e-tan  a ^ 

L  cos  a 


To  determine  the  radial  distortion  for  any  target  based  on  the 
calibrated  focal  length,  it  is  first  necessary  to  compute  this  length. 
The  method  used  here  is  as  follows   : 

f '  =  Calibrated  Focal  Length  =  Effective  Focal  Length  +  Af 


D  +  D 
Af  =  E * 


tan0  +  tan0 

P      n 


is 


Dp  =  greatest  positive  distortion  (average  of  all  radial  distortions) 
Dn  =  greatest  negative  distortion  (average  of  all  radial  distortions) 
tan0   =  tangent  of  average  angle  at  which  Dp  occurs 

tan0   =  tangent  of  average  angle  at  which  Dn  occurs 

The  radial  distortion  for  any  target,  based  on  calibrated  focal  length 
[13]. 

d   =  d'   -  Af  tan  a' 
x     x 

hi 


d'   =  &1     or  d'   as  shown  above 

a1   =  the  angle  of  the  principal  ray  in  the  object  space  from 
the  lens  axis 

Table  VT  contains  the  data  and  computations  for  radial 
distortion  of  the  3  inch  focal  length  lens  as  an  example.  The  compari- 
son of  the  radial  distortions  of  the  two  lenses  at  a  relative  aperture 
of  f/8  to  that  of  the  same  lenses  at  a  relative  aperture  of  f/6.3  is 
shown  as  Figure  l8  and  19. 
8.3  Comments 

The  entire  method  of  setting  up  and  recording  data  in  accord- 

[131 
ance  with  the  instructions  given  with  the  instrument     was  meant  to 

be  used  with  a  lens  mounted  in  a  lens  cone  of  a  camera.  Since  that  was 

obviously  impossible  in  the  test  situation,  the  lenses  were  tested  alone. 

This  is  what  created  the  condition  of  the  "tipping"  of  the  lenses 

slightly  about  the  optical  axis  and  which  led  to  the  development  of 

equations  for  balancing  the  data.  It  should  be  pointed  out,  however, 

that  the  calibration  of  the  camera  does  not  involve  refocusing,  or  other 

physical  change  of  the  camera.  It  is  purely  a  mathematical  procedure  to 

allow  the  user  to  adopt  a  most  favorable  focal  length  where  the  average 

radial  distortion  of  the  image  points  from  their  proper  position  is  a 

minimum.  The  shape  of  the  distortion  curve  is  the  governing  criteria 

in  analyzing  a  photogrammetric  lens. 
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9.   CONCLUSIONS  MP  KECOMMErrPATIOIIS 

The  normal  method  for  reducing  the  amount  of  light  to  which  a  film 
is  exposed  during  the  taking  of  a  photogrammetric  picture  is  to  increase 
the  speed  of  the  camera  shutter.  The  conditions  requiring  reduced  light 
as  veil  as  the  limitations  of  shutter  speed  and  efficiency  are  not 
subjects  of  this  study,  however,  they  do  exist    .  The  light  causing 
the  film  exposure  can  be  decreased  by  reducing  the  relative  aperture  of 
the  lens  rather  than  by  limiting  the  exposure  time  with  a  faster  shutter 
speed.  This  research  was  undertaken  to  investigate  the  effect  upon  the 
image  distortions  caused  by  a  reduction  of  relative  aperture.  Several 
different  focal  lengths  of  the  same  type  lens  were  considered  in  order  to 
give  comparisons  for  use  when  selecting  a  photogrammetric  camera  of 
"best"  focal  length  for  a  specific  image  purpose. 

'  The  lens  distortions  which  were  investigated  are  the  major  con- 
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tributors  to  image  inaccuracies   .  Each  is  considered  in  turn  and  a 

comparison  is  made  between  the  specific  lens  distortions  for  the  same 
three  Metrogon  lenses  of  varying  focal  lengths  at  relative  apertures  of 
f/6.3  and  f/8.  The  conclusions  are  not  general  but  are  limited  to  this 
specific  set  of  Metrogon  lenses. 

9.1  Longitudinal  Chromatic  Aberration 

The  longitudinal  chromatic  aberration  was  significantly  reduced 
by  the  reduction  of  relative  aperture.  The  reduction  of  this  aberration 
was  about  25$  throughout  the  visible  wave  length  range  due  to  the  re- 
duction of  relative  aperture  from  f/6.3  to  f/8.  This  aberration  increased 
linearly  with  increased  focal  length.  Thus,  the  value  of  aberration  for 
the  lens  of  focal  length  12  inches  was  almost  four  times  greater  than 
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that  of  the  lens  with  focal  length  of  3  inches.   Similarly,  the  lens 
of  6  inch  focal  length  has  about  twice  the  value  of  longitudinal 
aberration  as  that  with  focal  length  of  3  inches. 
9.2  Longitudinal  Spherical  Aberration 

A  significant  reduction  in  longitudinal  spherical  aberration 
with  decreased  relative  aperture  is  also  apparent.  The  amount  of  this 
reduction  decreases  with  increasing  focal  length.  The  amount  of  longi- 
tudinal spherical  aberration  follows  this  pattern: 

f/6.3  f/8 


3  inch  focal  length  k  1 

6  inch  focal  length  2  1 

12  inch  focal  length  1.5  1 

9.3  Astigmatic  Difference 

The  change  of  astigmatic  difference  due  to  decreased  relative 
aperture  is  difficult  to  assess  for  the  lens  of  12  inch  focal  length. 
This  is  due  to  the  difficulty  in  analyzing  the  negatives  obtained  by  the 
method  of  testing.  It  appears  that  the.  astigmatic  difference  is  reduced 
about  50$  throughout  the  range  of  observation.  The  lens  distortion  for 
the  lenses  of  3  inch  and  6  inch  focal  lengths  appear  to  be  unchanged. 
This  distortion  is  greatest  for  the  lens  of  6  inch  focal  length  and  this 
is  probably  a  characteristic  of  this  particular  lens. 
9.^  Curvature  of  the  Field 

The  distortion  caused  by  curvature  of  the  field  is  reduced  for 
all  lenses  only  very  close  to  the  lens  axis.  After  an  angle  of  5  -  10 
off  the  lens  axis,  the  curvature  of  the  field  for  all  lenses  increases 
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for  the  test  with  reduced  relative  aperture.  Although  the  linearity 
of  the  curves  improve  somewhat,  they  still  follow  the  general  pattern 
of  the  curves  computed  prior  to  aperture  reduction.   This  effect  is 
probably  caused  by  increased  depth  of  field  for  the  decreased  relative 
aperture. 

9.5  Radial  Distortions 

The  radial  distortion  for  the  lens  is  not  significantly 
changed  by  the  decrease  in  relative  aperture.   The  difference  noted  for 
the  lens  of  6  inch  focal  length  could  be  due  to  approximations  in 
calibrated  focal  length  in  reducing  the  distortion  curve  to  compare 
with  the  data  of  the  comparison  study.  Only  retesting  with  a  different 
test  apparatus,  which  would  allow  the  measuring  of  more  target  points, 
could  give  definite  results  on  this  point. 
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4 


E.F.L.  153  -  2.5  mm  Approx.  Scale  2:1 

Construction  Line  Diagram  of  Metrogon  Lens 
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CALIBRATION  OF  WILD  T-4  GONIOMETER* 


Distances  from  Central  Target 
(Graduated  Plate  No.  13224-104) 

(in  millimeters) 


Target 

E 

1 
Diagonals 

F             G 

H 

1 

9.9969 

9.9969 

9.9994 

9.9984 

2 

19.9972 

19.9967 

19.9982 

19.9982 

3 

29.9959 

29.9959 

29.9963 

29.9966 

4 

39.9959 

39.9970 

39.9958 

39.9968 

5 

49-9970 

^9.9965 

49.9968 

49.9978 

6 

59.9989 

59-9974 

59.9968 

59.9968 

7 

69.9966 

69.9976 

69.9966 

69.9976 

8 

79-9964 

79-9964 

79.9965 

79.9975 

9 

89.9980 

89.9975 

89.9968 

89.9963 

10 

99-9974 

99.9969 

99.9965 

99.9975 

n 

104.9975 

104.9980 

104.9967 

104.9977 

12 

109.9985 

109.9985 

109.9968 

109.9980 

13 

114.9976 

11^.9981 

114.9964 

114.9974 

Ik 

119.9971 

119.9976 

119.9970 

119.9970 

15 

124.9996 

124.9996 

124.9984 

124.9998 

16 

129.9999 

129.9999 

129.9980 

129.9990 

17 

134.9993 

135.0003 

134.9981 

134.9986 

18 

139.9995 

139.9995 

139.9991 

139.9994 

19 

144.9986 

144.9996 

144.9983 

144.9983 

20 

1^9.999^ 

149.9994 

149.9985 

149.9990 

21 

155.0002 

154.9992 

154.9993 

155.0007 

22 

159.9992 

159.9992 

I60.OOO7 

160.0007 

23 

162.0013 

162.0010 

162.0012 

162.0018 

*These  are  calibration  figures  given  "by  the  Wild  Company. 
They  were  considered  accurate  to  .001  mm. 
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FILTER  CHARACTERISTICS 
(Kodak  Wratten  :  Data  from  Kodak) 


Number  hf 

Dominant  Wave  Length  k"JO,l 
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Number  75 
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Number  65 
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Wavelength      Milli      Microns 


58 


FILTER  CHARACTERISTICS 
(continued) 


Number  60 

Dominant  Wave  Length  =  520.0 


Number  7^ 

Dominant  Wave  Length  =  538.0 
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USAF  RESOLVING  POWER  TEST  TARGET  1951,  #1  and  77'2  • 

1.  The  USAF  Resolving  Power  Test  Target  1951,  #1  and  #2,  consists  of  9  or  10  target 
groups,  respectively,  every  two  target  groups  forming  a  square.  There  are  5  squares 
of  different  size,  the  smaller  squares  being  inside  the  next  larger  ones.  Every 
target  group  consists  of  6  target  elements. 

2.  The  groups  are  designated  by  group  numbers  k.  For  example  k  is  -2,  -1,  0,  1, 
and  so  on. 

3.  The  elements  are  designated  by  element  numbers  n,  n  is  equal  to  1,  2,  3,  1*>  5,  6, 

1*.  The  dimensions  of  the  elements  are  such  that  the  element  number  n  within  group 
number  k  represents  a  resolving  power 


R 


=  2  * t; lines  per  millimeter.  For  example,  element  fl   in  group  $-2 


represents  a  resolving  power  of  R-0.25  lines/mm.  This  element  is  the  largest  one 
of  the  entire  target. 

5.  The  resolving  power  of  elements  having  the  same  element  number,  but  belonging  to 
groups  of  subsequent  group  numbers  differ  by  the  factor  2.  Thus,  element  $1  in 
group  jr-1  represents  0.5  lines/mm,  element  ^1  in  group  7y0  represents  1  lines/mm,  and 
so  on. 


6.  Within  a  group,  the  resolving  powers  in 
subsequent  elements  differ  by  a  factor  1.122 
(equal  to  sixth  root  of  two).  The  following 
factors  apply  to  the  relative  resolving 
power  within  a  group: 


Element  #1 

1.000 

2 

3 
k 

5 
6 

1.122 
1.260 

1.587 
1.781 

RESOLVING  POWER  TEST  TARGET 
-?. 

I 

2 


3 


M 


U  Li     cczsa 


USAF- 1951 


7.  By  multiplication  of  these  figures  with  the  factors  0.25;  0.5;  1.0;  2;  1*;  and 
so  on,  the  resolving  power  for  every  element  of  the  target  can  be  obtained.  The 
following  table  contains  the  equivalent  resolving  power  in  lines  per  millimeter 
for  each  target  element. 

Number  of  Lines  per  Millimeter  in  USAF 

Resolving  Power  Test  Target  1951,^1  and  #2 

GROUP  NUMBER  (k) 


Element  No. 

(n)   -2 

-1 

0 

1 

2 

3 

1* 

5 

6 

7 

1 

0.25 

0.50 

1.00 

2.0 

k.O 

8.0 

16.0 

32.0 

61*. 0 

128.0 

2 

.28 

.56 

1.12 

2.2 

k.5 

8.9 

18.0 

35.9 

71.8 

11*1*.  7 

3 

.32 

.63 

1.26 

2.5 

5.0 

10.1 

20.2 

1*0.3 

80.6 

161.3 

k 

.35 

.71 

1.1*1 

2.8 

5.7 

11.3 

22.6 

1*5.3 

90.5 

181.0 

5 

.40 

.79 

1.59 

3.2 

6.1* 

12.7 

25.1* 

50.8 

101.6 

203.2 

6 

M 

.89 

1.78 

3.6 

7.1 

lfc.3 

28.5 

57.0 

lll*.0 

228.1 
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